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THE EFFECT OF FUEL COMPOSITION, COMPRESSION PRESSURE, AND
FUEL-ATR RATIO ON THE COMPRESSION-IGNITION
CHARACTERISTICS (OF SEVERAL FUELS

By W. A. Leary, E. S, Taylor, C. F. Taylor, and
J. U. Jovellanos

SUMMARY

A rapid compression mechine developed at the Massachusetts Inatitute
of Technology under the sponsorship of the National Advisory Committee
for Aeronautics was used to determine the veriation in ignition delay ard
rate of pressure rise after compression for four fuels; nemely, isooctane,
100-octane gesoline, triptane, and benzene. The tests were conducted
wlth fuel-alr ratio and compression ratio s the only independent variables,
The essential feature of the present paper ls a study of the pressure-—
time reletions during the preliminery phases of a spontaneocus explosion.

The photographic records obtained suggest an explanstion es to why
fuels like benzene end triptane faill to detonate in an engine under’
conditions which cause isococtene to detonate severely. The recards slso
indicate that a comparison of the detonating tendencles of two fuels must
Include not only & consideration of the length of the delay period, but
also an evalustion of the rate of pressure rise after compreasion.

Tests to determine the effect of humidity, dust, and surface action
on the ignition delay of iscoctane ere also described. The results
indicete that, except when the cylinder walls ere cozted with lubriceting
oll, no decided change is produced.

In many ceses there was considerable variation in the delay and
combustion rate in spite of the careful control exercised to keep oper—
ating conditions constant., These variations have not yet been explained.
This same difficulty has been encountered in previous work along the
same lines. In the present work the uncertainty occasioned by these vari-
ations was lessened by meking a sufficient number of runs to obtain a
feir average.

INTRODUCTION

An understanding of the wessure-~temperature-~time events immedistely
rrecedlng the spontanecus explosion of & gasecus mixture is of grest
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importance in leading toward a better understanding of the mechaniem of
detonation in the internal-combustion engine. These events are ususlly
referred to as preliminery reactions and originate, in the case of engine
operation, in the end ges, or last pert of the charge to burn. The irme-
diate csuse of these reactions 1s the rapid compression of the end gas

by the expanding gases behind the flame front in conjunction with the
upvwerd movemeni cf the piston. -‘The time Interval during which these
preliminary reactions become menifest i1s known &s the "ignition delay" o
"delay period,"” and the whole process from inception to explosion 1s
known &3 the phencmencn of self-ignition or autoignition,

It is difficuvlt to study the self—ignition process in an internal-

combustion engine because the presence of many variables renders the
. 1solation and meastirement of the phencmenon extremely inconvenient. The

phencmenon is most readily studied in an isolated apparatus in which the
explosive mixture 1s subJected to & single rapid adiebatic compression.
During the past 40 years several such devices have been built (see B
appendir A of reference 1) and a phenomenon of great fundamental imporience,
that is, the ignition delay, has been brought to light. In spite of this
important discovery and the welter of new speculation opened thereby,
recent efforts along these lines have languished to the extent that few
1f eny such experimental investigations heve been pursued in the past
15 yeers.

The reaeson for this apparent apathy is not lack of interest in the
subject but rather the serious experimental difficultles involved. How—
ever, with the multitude of new experimental techniques now avallable,
the way 1s cleer for a mess assault on the problem, The present Investi-
gation 1s a step in this direction.

The problem can be approached in two ways; exploratory or analytical.
The exploratory epproach involves testing a great meny fuels under varicus
conditions of mixture strength, compression ratio, temperature, and so
forth,arnd studying the results more or leses gqualitatively with a view to
unearthing new phencmsna, classifying explosion types, and framing new
theories, This type of investigation is particularly fruitful with the
field in its present undeveloped state. Such an Investigation should be
pursued in connection with all combustible liquids having possibilities
for use in alrcraft engines.

The other approach reguires a concentration of effort on the pro—
duction of a few precision test results with a view to testing existing,
or formulating new chemical thecrles. This approach calls for a high
degree cf refinement in the apparatus.

The present work 1s exploratory in neture. The recards presented
hereln show the diverse aspects of the autolgnition phenomenon and point
to the existence of fuels having explosion charecteristics as yet unsus-—
pected. It is hoped that these results will stimulate a renewal of activw-
ity in this most important branch of combustion research.

'

1
li
vl

i1 |
I



NACA TN No. 1470 3

This work wae conducted at the Massachusettis Institute of Technology
under the sponsorship and with the finencial assistance of the National
Advisory Committee for Asronautics.

APPARATUS

The rapid compression machine used in this work is completely
described in reference 1. Detalls of construction, dimensions, drawings,
operating procedures, and the method used to prepare fuel-alr mixtures
are given in this reference.

EXPERIMENTAT. PROCEDURE

Tests were made on 1scoctane, 10C~octane gasoline, triptane, and
benzene in order to determine their pressure—~temperature—time histories
when exploded by a rapid adiabatic compression.

The isococtane (2,2,4 trimethyl pentane) was cbtained from 2 relia—
ble oll company and was designated as S—1 reference fuel from SAE stock.
This fuel was about 2 years old but had been kept tightly sesled in a
metal container.

The 1lO0O-—cctane gasoline wes obtalned from a different but equally
relliable source and was a sample from a standard batch designated as
grade~130 aviation, rated by the C—3 method.

The triptane (2,2,3 trimethyl butane) wae obtained from the Naticnal
Bureau of Standards, through the Naticnal Advisory Committes for Aero~—
nautics, In a sample of 60C cubic centimeters.

The benzene was cbteined from the M.I.T. leboratory stock of pure
benzene.

) These fuels were tested under the conditions of variable compressim
ratio or veriable fuel—elr ratio with all other conditions held constant,

In the case of the fuel-—eir-ratio runs the chemically correct value
wag firet used and then the mixture was made progressively leaner until
a value was reached st which no explosions were cbtained. The rich mix—
tures were then explored, sterting from near the chemically correct valus
and proceeding upward. The upper limit on fuel-air ratio was taken arbl-—
trarily as 0.17 even when explosions could be cbtained beyond this point,
becsuse the results in this range were not of ilmmedlete Interest. A
ccnstant compression ratio of 11.7 was uased.
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A similar procedurs was followed in the case of the compression— v
ratio runs. The compresslion ratio was first set at 11.7 and then
decreasod by sultable decrements to a value of 8.0, or until no explo-
sions were obtained, after which the renge frou 11.7 to 15 was investigsated.
The chemically correct fusl—eir ratio was used.

The average values of the standard operating conditions used in
these tosts were:

Initlal DredBBUre® . « o« « o ¢ ¢ ¢ o « o s o ¢« ¢ o o o o « « atmospheric
Initiel temperature, OF . ¢ . ¢ v v ¢ ¢ ¢ o ¢ ¢« o ¢ s o ¢ o o o o 149
Compression timB, B8OC .+ « o« o o ¢ o o o o o o o o o o o o o o« o 0,0060
Dow point of 81X, OF & v 4 ¢ o o + ¢ o ¢ o « ¢ o o s s o o « o« o o =k9

A homogenecus mixture of fuel end air was prepared in the manner
described in reference 1.

It was asssumed that the temperature of the mixture, Jjust before
compressing, was the same as that of the water in the combustion—
cylinder Jacket. This assumption should be reascnably good because the
mixture was held in the cambustion cylinder for about 3 minutes before
proceeding with the test. Moreover the mixture was preheated in the
mixing tank, the walls of which were at the same temperature as the
combustion cylinder, and the Jecketed comnection between tank and cylin-
der was also at the same temperature,

Preliminary runs made on iscoctane, using an arbitrary dew point - -
for the air of -49° F, ylelded good results and mo it was decided to
adhere to this arbitrary value as standard.

The compression time was meintained uniform by using a constent
driving pressure of 500 pounds per sguare inch and a cushion pressure
of 110 pounds per squere inch. Small adJjustments had to be made in the
cushion pressure, however, in order to compensate for the decrease 1n
friction due to wearing of the lead bands on the piston skirt and in ) _
order to ensure proper seating of the piston. (Far opsration of the
machine see reference l.) Approximately cne hour was required to make
a run,

After a few runs the cylinder head and piston became covered with a
thin brown coating, presumaebly an oxide., No attempt was made to remove
this oxide except to wipe the surfaces with & clean linen cloth in order
to remove traces of combustion deposits. It would be very difficult teo
maintain the surfaces chemically clean, especilally in the case of the
piston, which was not readily accessible, and therefore it was declded to ¥ 4
let the oxide peraist as perheaps the easlest means of approximating sur—
face consistency. The cylinder walls, however, not belng exposed to the
explosive reaction, and being subjected to the frequent rubbing action of
the piston, remained clean, dry, and shiny. Y
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These two series of runs embraced the greater part of the experi-
mental work, although a few additional runs were made to test the repro-—
ducibility of the apparatus. These check runs sre described in the
section REPRODUCIBILITY OF RESULTS.

DISCUSSION OF RESULTS

Numerical data pertaining to the runs discussed in this section are
given in tables 1 to 8.

Isooctane

Fuel—air-ratio runs.— The records for the first series of runs, nmade
on isooctane at verisble fuel-alr ratio, are shown in figures 1, 2, and 3.
These records, and those which follow, have been reduced to approximately
half size, At least two runs were made for each fuel-elr ratioc and the
records are arranged 1n groups with the corresponding value of the mix~
ture strength indicated in the spece below. The groups are arranged accord-
ing to ilncreasing fuel—eir ratio and not eaccording to the serisl numbers
on the records. The fuel-eir ratio ranges from 0.030 to 0.17.

It will be noticed that many of these records show erratic variations
in pressure during the delay periocd. (For this repart, delay is defined
as the time interval in seconds between the end of adisbatic compression
end the instant at which peak pressure is attained.) These pressure
veriations are only apparent, being caused actually by electrical diffi-
culties, They were eliminated when it was discovered that the B-batteries
in the strain-gage c¢ircuilt, which were supposedly new, were rather badly
deteriorated.

Tt was at firast decided to reject eny records in which electrical
interference or improper aeatlng of the piston rendered the resulis open
to question, but at the conclusion of the work it was thought bvetter to
publisgh all recorde for the following reasoms:

(a) Although electrical difficulties might render the significance
of pressure changes dublous, the duration of the delay period was iIn most
cases well defined.

(b) The effects produced by erratic piston motion might suggest some-—
thing of interest to the reader which the authors may have overlooked.

The resulta of the first two runs (recerds 71 and 72) mads at a fuel-
air ratlio of 0.030 indicate that no exploslions were obtained. The
original pressure~time records were about three times as long as the
sections shown here, but were trimmed short for convenience in reproducing.
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These rscords are trimmed to different lengths, as are some of the others
in this series, but as the work of assembling the records progressed, it
was decided to print at least a 1l0-inch length of each record regaerdless
of the shoriness of the delay. For cases in which the delay was too long
to be ilacluded in a 10-inch length, the print was shortened by removing
the midsection and the record was lebeled with the actual duration of

the delay. ’

When the fuel-air ratio was raised to 0.040, explosions were obtained.
Thus the leanest mixture strength at which isooctane will autoignite under
the conditions of these tests lies between 0,030 and 0.040. The adiabatic
pressure at the end of compression was 379 pounds per sguare inch and the
adiabatlc temperature was 13h0 F absolute, computed on the aasumption
that the adiabatic exponent was 1.32.

The pressure during the delay period for the runs made at a fuel-air
ratio of 0.040 increases by approximately 50 percent before the explosicn
takes place, but the transition to explosive speed is not gradual; the _
explosion is sudden and produces a sharp discontinuity in the trace. Thia
type of autoignition eppears to be charactoristic of 1sococtans at all mix-
ture ratios lese than 0.12. The severity of the explosion and the sharpnessa
of the discontinuity ars most pronounced at fuel-air ratios between O. 095
and O0.1l. It is in this region also that the maximum explosion Pressures
are obtainsd.

The pressure-time records are smooth and well rounded in the explo—
sion region for fuel—alr ratios greater than 0.13 and discontinuities and
post—ezploaion vibrations are noticeably absent. Also in this rich regim
there is little or no rise in pressure during the delay period. The
breskawny from a straight line occurs only at the beginning of the lower
explosion fillet. This indicetes that very little heat is generated by
the preliminary reactions gt these very rich values until the last phase
of the process has been approached,

At fuel—eir ratios above 0.16, soot of a fine gossamer texture wes
deposited in the combustion chember after the explosion.

The irregular waverling of the trace noted on the right-hand side of
some of the records was caused by the scund waves emanating from the
cushion chamber at the end of the stroke (see reference 1) and although
it is vory annoying in the case of the longer delays it does not unduly
obscure the general nature of the explosion. L

The length of the ignition delay varies greatly with the mixture
strength. Long delays are obtained at very rich or very lean mixtures,
a minimm value of the delay being realized in the reglon between 0.067
and 0.078. Thie observation correlates well with actusl engine tests
where 11 ls noticed that the tendency toward detonation is e maximum in
this region and tends to be less at very lean or very rich mixtures

(reference 2).
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The curve of lignition delay against fuel-elr ratio is shown in
figure 4, where each plotted point represents the average values of the
deleys for each group of records. (This practice of averaging measured
values before plotting will be used for all other curves in this section
unless otherwise indicated.) The shortest value of the delay 1s about
0.006 second. The longest value was not determined but explosions were
obtained at a fuel-eir ratio of 0.17 with delays as long as 0.054% second.

In some of the oscillograph records & low—emplitude vibration of
very high frequency can be seen on the compression curve Jjust before the
end of the piston strcke. This phenomenon 1s well illustrated in the
group teken at a fuel-air ratio of 0.15 (records 91 to 95, fig. 3).
will be noticed that in =all these records the phenomsnon occurs in the
region where the veloclity of the pisteon changes rapidly, Just before
seating., A poselble explanation is that the piston snout is caused to
vibrate with respect to the piston gkirt when the acceleration of the
piston changes sufficiently. Before the end of the stroke the snout is
free to vibrate since 1t is unrestrained exlally and this vibration may
be transmitted through the cylinder wells to the head. Also, a perusal
of all the records shown in this report brings out the same fact — that
these compression vibrations are associated with a rapid chenge in pisto
acceleration and are most readily observed when the piston seasts slowly.
When the piston seats rapidly or even severely, they are almost always
ebsent because then the sudden change in acceleration does not take place
until the end of the stroke '‘and the compression vibrations are masked
by the mechenical vibrations accompanying impact. (See for instance,
record 62, fig. 1.)

Compression—ratio rung.— This seriea of runs was carrled out on iso-
octane at verious compression ratios. The records esre shown, grouped
according to decreasing compression ratio, in figures 5 to 8. The
general trend toward increasing delay and "gentler" explosions with
decreasing compresgion ratio i1s obvious. The curve of ignition dslay
against compression ratio is given in figure 9. These records provide
a clue to the reason why an engine detonates more severely as the com—
pression ratio is increased, provided that detonation ias assumed to be
autocignition of the last part of the charge to burn.

The records for compression ratios greester than 5.9 are all of the
same type (with the exception of record 107, fig. 6) with the explosion
occurring violently at the end of the deley. The pressure rises 50
to 100 percent sbove the compression value during the deley pericd.
Below the valus 8.9 the explosion becomes smooth again and vibrations are
ebsent. Maximum pressurs occurs at maximum compression ratio, as would
be anticipated.

The adisbatic compression pressures computed with the exponent
n = 1,32 and the corresponding temperature based on an initial value
of 149° F, ars given in the following table:
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. Adiasbatic Adlebetic
Lomprz§aion compression pressure temperature
TaLso (1b/sq in. sbsclute) (°F_absglute)
14.9 518 1o
13.9 - L7y 1412
13.5 k57 1400
12,4 Lo8 1365
1.7 379 1340
11.5 370 1335
10.7 331 1305
10.0 309 1275
9.4 285 - 1250
8.9 265 1235
8.5 245 1205
8.0 231 1190

These values of compression ratio were used for all variable compression—
retio runs,

100-Octane Gasoline

Fuel—eir-ratio runs.- The first run made on 100-octane gesoline at a
fuel—elir ratio of 0.030 gave evidence of a weak explosion after a rather
long delay period (see recard 174, fig. 10). Two additionael check runs,
however, gave no evidence of an explosion. For the conditions of the test,
the lower explosion limlt on 100—octane gesoline 1s therefore in the
neighborhood of 0.030, about the same as isococtane. Unfortunetely, there
is considereble electrical interference on these records.

The next group of runs was made at a fuel-elr ratioc of 0.040 and
three rather different types of record were obtained. The first record
(recard.17l) shows & rather peculilar vibration of very high frequency on
the pre—explosion fillet, although the pressure rise is gentle and there
are no posi-explosion vibrations. The next recard of this group
(record 172) portreys & moare abrupt explosion. The pre—explosion vibraticns
are asbsent and the post—exploslion vibretions are more pronounced. The
third record (record 173) shows & very considerable rise in pressure
during {the delay period which then gives wey to an abrupt explosion fol--
lowed by heavy vibrations. The delsy ls roughly the same in each case.

The pre-explosion vibrationg shown In record 171 appeared on various
occasions throughout the work and it wee noticed that as a rule they were
essoclated with & very rough seating of the piston. In record 254 (fig. 16)
for instance, the piston, after surging upward &t the end of the stroke,
seated with a violent shock. As the mechanicel vibrations decreased in
emplitude, the vibrations of higher frequency became very prcnounced,

Beats may slso be noticed. It appears as though the mechanicel shock
excited vibretions in the gas &8s well as in the cylinder hesd, the latter
at lowexr frequency.

i
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The pre—explosion vibrationes of record 171-(fig. 10) might possibly
represent some augmented molecular activity, Independent of shock exci-
tation, associated with the incipient stages of an explosion, inasmuch
as the mechanical vibrations completely dled out before the pre-—explosiom
vibrations appeared. Another excellent example to support this latter
interpretation may be seen in record 302 (fig. 27). Miller (reference 3)
has noticed small-amplitude pressure fluctuatlions immediately preceding
the vioclent pressure fluctuations that are caused by heavy knock in an
actual engine,

Iewis and von Elbe (reference 4) and others have also observed
similar gas vibrations although under different circumstances of ignitim.
Lewls and von Elbe have noticed vibrations on the pressure—time curve in
the region whers the rate of pressure rise becomes steep. Thelr obser—
vations may have no bearing on the present work inasmich as the explosims
with which they were concerned were initlated by spark ignition rather
than by adiasbatic compression. They bellieve that the vibrations which
they observed sre the result. of interactions taking place in the flame
front, It is possible, however, that these vibrations are set up in the
unburned part of the charge as 1t 1s rapldly compressed by the spread of
the flame front, in which case they may represent the same phenomenon as
observed here., Small-esmplitude vibrations may alsc be noticed in records
having otherwise smooth pressure rises such as in records 84 to 86 (fig. 2).
They give a dotted—line appearance to the trace in the explosion region.

The group of runs at a fuel-eir ratio of 0.078 (fig. 11) is of
interest because of the lack of conslstency, not only iIn the length of
the delay periocd but in the type of explosion and magnitude of pesk
pressure as well, It 1s not easy to explain this lack of consistency but
further consideration willl be given to the matter in the next section.

The next three groups of records at fuel-ailr ratios of 0.095, 0.10,and
0.11 (fig. 12) are more comnsistent. The explosions are for the most part
intermedlate between the abrupt and gentle types. The delay does not '
appear to vary appreciably in thie range of fuel-air ratios,

At higher fuel-alr ratios the delay increases and the explosions
become smooth and well—filleted (figs. 13 and 14). The reproducibility
however 1s not good.

The curve of ignitlion delay against fuel-alir ratlo is shown in figwre 15,
The points do not define the curve well, but the general trend noted for
isooctane may be recognized. The fact that gasocline is = heterogeneous
mixture rather than a pure compound mey be, in some mesasure, responsible
for the erratic behavior.

C ression-ratlio runs.~ The records for these runs are Tairly con-
slstent (see figs. 16 to 18). The delay increases as the compression
ratio decreases in the mammer of isocouctane. "Explosion pressures decrease
with decreasing compression ratios, as expected.
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The abrupt type of explosion is obtained at compression ratios v
above 10, but the gentle type prevalls et values below 10. In the group
of runs made at e compression ratio of 8.5, one run failed to yield an
explosion and no explosicns were obtained in the two runs made at a comn—
pression ratio of 8.0.

The minimum lguition pressure and corresponding adiabatic tempera—
ture for 1l0C-octane gasoline under the test conditions therefors ap:
to lie hetween 231 and 245 pounds per square inch absolute and 1190 and
12050 F absolute, respectively.

Tho curve of ignition delay against compression ratio ls given in
figure 19. The curve is well defined.

Triptane

Fuel—air-ratio runs.— The weakest mixture at which explosions were
obtalined lies between 0.030 and 0.040 (fig. 20).

The explosions are, for the most part, very gentle, Abrupt explo—
sions are cobtained at a fuel-sir ratio of 0.078, but only after a very
considerable rise in pressure during the delay perlod. Anocther abrupt
explosion is obtained at a fuel-—aeir ratio of 0,11 (reccrd 274, fig. 21),
but this appears to be in the nature of an inconsistency.

The delays vary greatly for particular groups and the average values -
when plotted (see fig. 22) do not outline an easily recognizable trend.
These vealues are indicated in the figure by the small clrcles, Since
only 300 cubic centimeters of triptane were available for these runs, it
was not poesible to repeat a given run a sufficient number of timss to
obtain & falr average. The curve was therefare weighted by cross—
plotting values of delay from the compression~ratio runs (described in the
next section), using values at compression ratios of 11.5 and 11.7 at a
fuel-air ratio of 0.066.

The ghape of the curve is similar to that of lscoctane and lOO-octanQ o
gasoline, -

Compression~ratio runge-~ It is difficult to recognize any trend In
the variation of the dslay perlod from an observation of the records
shown 1In figure 23. In thils figure the compression ratioc varies fram
14,9 to 11.5 but the inconsistency of the delay among individual records
for the two groups at compression ratios of-1%.9 and 11.7 almost completely
obscures any related variation.

Two types of explosion record may be recognized, the gentle and the
discontinuous types. The discontinuous type has the shortest delay in
every group and it will be noticed that the pressure during the delay r
period rises very appreclably before the explosion.
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The records for compreesion ratios between 10.7 and 8.0 are shown
in figure 24k, The discontinuocus type of record gives way to the smooth
type as the compression ratio decreases and the trend toward increasing
delay is easily recognized, slthough the consistency is not very good.

No explosion was obtained in run 375, at a compression ratioc of 9.k,
although two other runs made under the seme conditions ylelded explosions
with only moderately long deleays. A simllar result was obtained at a
campression ratio of 8.9. '

Very long delays were obtained at the two lowest values of compres—
sion ratio (8.0 and 8.5). These delays were the longest obtained for any
of the fueles tested under similar conditioms.

In spite of the inconsistencies of the records, the average velues
of delay egeinst compression ratio give a curve the general shape of which
is apparent. (See fig. 25.)

Benzene

Fuel-alr-ratio runs.— The significant feature of the benzens records
(shown in Tigs. 26 and 27) l1s the smoothness of the explosions. Not ome
abrupt explosion is cobtalned throughout the entire range of fuel—eair
ratios (0.030 to 0.13). These extreme values represent the lower and
upper limits on autoignltion for benzene under the test conditioms.

From the slowness of the pressure rise in these reactlons, it way be
inferred that a compression-ignition engine could be operated on a pre-—
mixed charge of benzene vapor and air, that is, by inducting the charge
into the cylinder In the meanner of a spark—ignition eanglne, without
encountering a prohibitively high rate of pressure rise, This possi~
bility mey be worth trying.

The lengths of the ignitlon deley are fairly consistent for given
values of fuel—alr ratio and the trend toward decreasing delay with
increasing fuel-eir ratio is uniform up to & fuel-air ratio of 0.090.

Above & fuel—cir ratio of 0.090 the delasy lncreases agaln but the
reproducibility is not so good and the trend ie not so uniform. One
rocord at a fuel-alr ratio of 0.10 end another at a fuel-eir ratlo of 0.11
show no evidences of combustion although explosions are in evidence 1n the
other recorda of these groups.

No explosions were ocbtained at a fusl-alr ratio of 0.13. All the
other fuels tested ignited at fuel-alir ratios well above this value.

The curve of ignition delsey againét fuel-air ratlo is given in
figure 28. The curve ls not clearly determined for values of fuel-air
ratio above 0,08.
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Compression—ratioc runs.— The records for the compression-ratlio runs
on benzene are pressnted in figures 29 and 30. The explosions are char—
acterized by slow pressure rises as in the case of the fuel-elir-xratio
runs. Thie is true oven at the highest compression ratios showlng that
the iniltial compression has little effect on the nature of the explosicn
curve., The length of the ignition delay varles with the compression ratio
in the usual manner, however. The relation between delay and compressim
ratio is shown in figure 31. Only two out of five runs yleided explo—
sions at a compression ratio of 10.0, and nc explogions were cbtained at
& compression ratio of 9.4, showing that the minimum autoignition pressure
and corresponding adiasbatic temperature for benzene were between 285
and 309 pounds per gquare inch absolute and”1250 and 1275° F absolute,
respectively, for the test conditions.

Comparison of Fuels

The curves of delay against fuel-elr ratio for isooctane, 100—octane
gasoline, triptane, and benzene (figs. 4, 15, 22, and 28, respectively)
are shown superlimposed on a single pleot in figure 32. In interpreting
thege curves it must be remembered that In some Instances the curve is not
too well defined by the experimental data. This is particularly true in
the case of 100—octens gasoline and triptane.

All the curves show the same general shepe and exhibit a minimum in
the region of the chemiocally correct fuel-eir ratio.

Isooctane shows longer values of delay than 100-octane gamsoline at
mixtures leaner than 0.085,'but above this value the reverse is true.
The shape of the explosicn record obtalned for these two fuels is the seme
at a given fuel-air ratlo. Therefore the crossing of the curves might
indicate that isooctane would behave better than 100-octane gasoiine in an
engine as regards detonation at mixture strengths below 0.085, but that
above 0,085 the gasoline would be superior. This conclusion is confirmed
by the results of supercharged knock testing on these fuels.

The benzene curve shows that the ignitian delay of this fuel is
more gensitive to changes in fuel-air ratio than gasoline or iscoctane,
in the range from 0.04 to 0.12. In addition to the fact that the benzene
exploslons are always gentle, one other fact shown here which may indicate
why benzene ls such & good antiknock 1s the position of the benzene curve
relative to that of isoocctane ar 100-octane gasoline. The benzene curve
lies above those of the other two fuels and therefore benzene alweys has
& longer deley at a given fuel-air ratio.

The curve of triptane occuples a superiocr position in the group.
Values of delay for triptane are about twice those for lscoctane end
100~octene gasoline in the mixture range from 0.040 to 0.10, and. are
approximately 15 to 50 percent greater than the values for benzene in the
mixture range from 0.04 to C.l2,

-

Il

1§

4

[

IR

R



P

NACA TN No. 1L70 | 13

If delay were the sole criterlion of engine detonation, then it
would appeer that triptane is by far superior to all the other fuels here
considered. But the shape of the pressure—tims curve during the delay,
and especially in the exploslon region, l1s apparently of the utmost
importance and in this respect benzene is by far supericr. It will be of
interest to compare these two fuels with regard to their detonating tend—
encies in an engine under various conditions.

The curves of flgures 9, 19, 25,and 31 for the compression-ratio
runs are shown superimposed in figure 33. These curves can be interpreted
more closely then those of the fuel-air-ratio runs because there is less
scatter of the points in the original curves. Strangely encugh, the curwe
most clearly defined was that of 100O-octane gesoline, although it was the
most poorly defined in the case of the fuel-gir-ratio runs,

It will be observed that isococtens and 100-octane gesoline behave
the same for compression ratios greater than 10, whereas below this velue
the 100—octane gesoline shows up to advantage with respect to long delays.
This may mean that under certain conditions, l00—octane gasoline will per—
form better in an engine in regard to antikmock behavior at lower values
of compression ratio,. The values of compression ratio given in the figure
would not represent the corresponding values of engine compression ratlo,
of course, because the values given here represent the compression ratio
for the end gas and not for the engine cylinder as a whole. If such a
check were made on an actual engine and if the curves of figuré 33 were
sufficlently precise, any disagreement between the Interpretation of the
curves and the actual observed performance of the engine could be ascribed
to heat transfer, or radiastlon, from the burned to the unburned part of
the charge and thus a means would be et hand for estimating the magnitude
of this effect.

The curve for triptane is agaln superior to lsooctane or 100-octane
gasoline throughout the entire range, although the difference between 1t
and 100—octane gesoline disappears at the lowest compression ratio used.
At high values of compression ratlo, triptane is twlce as good as these
fuels in respect to length of delay. Also the explosion records for
triptane at high compression ratios show gradual pressure rises in the
exploslon region with only small abrupt breaks towerds the end (fig. 23),
whereas the exploslion reglon for the other two fuels at corresponding com—
pression ratios shows that the ignition tekes place with great violence
(figs. 5 and 16).

In the case of benzene and triptane, there is a small region below a
campression ratio of 10.5 in which benzene has a longer delay than triptane,
but for values greater them 10,5 triptane has a longer delay than benzens.
A comparison of the explosion records of triptane and benzene (figs. 23,

24, 29, and 30) will show that benzene is always superior to triptene as
regards smoothness of the reaction. There are no discontinuities for ben—
zene at any compression ratio, whereas the records for triptane, although
smooth on the whole, do exhlbit small discontinuities Just before maximum
pressure is rsached. It would seem that the smoothness of the benzene
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ignition should prevent its ever being recognized as audible detonation
in en englne. If this is true benzene would be superior to triptane as
regerds detonation, throughout the entire range, although it would have
a greater tendency to preignite iIn the averasge engine in which the com—
presaion ratio for the end gas i1s certainly greater than 10, This tend-—
ency should be verified by tests in an actual engine.

Comparison of Results with Those of Egrlier Investigations

The results of previous work on autoignition by means of a rapid
adiebatic compression (see appendix A of reference 1) cannot be readily
compared with the results of the present investigation because different
fuels, compression times, initlal conditions, and so faorth, were used and
in the earlier compression machines the combustion cylinders were well
lubricated, However, the general trends observed in this paper for the
variation in ignition delay with fuel-air ratio and compression ratio mey
also be noted in the works of Tizard and Pye (reference 5), Aubert and
Pignot (reference 6), and Fenning and Cotton (reference T).

REPRODUCIBILITY OF RESULTS

In the case of a glven fuel and a constant set of operating con—
ditions, the pressure-time records in general exhibit three major incon-
sistencies. Theso are:

(1) Vaeriations in ignition delay
(2) Variations in the shape of the explosion curve
(3) Veriations in maximum pressure

An attempt was made to correlate the variations in ignition delay
(defined as the time intervel in seconds between the end of adiabatic
canpressicn and the- instant at which peak pressure is attained) with
changes in initiasl pressure and temperature. The veriations in initial
pressure were barcmetric, of the order of a few millimeters, and when
plotted sgainst the corresponding delay periods, for otherwise constant
conditiong, showed no correlation whatsoever. A similar procedure was
followed in the case of Initial tempersture. These values were read to
the nearest fifth of a degree, lmmedletely before firing the apparatus.
It will be remembered that this temperature wea that of the circulating
wvater in the cylinder Jacket end was read from a thermometer at the out—
let of the circulating pump. (See reference 1.) The variation in this
tempersture was #1° ¥ and undoudbtedly the veriation in the temperature
of the cylinder walls was much less, because of the large mass. In any
event, no correlation between delay and the amall variations in initial
temperature could be established.
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Smsell errors in fuel-elr ratio could not possibly account for the
inconsistencles in the delay because in many instances in the case of
the fuel—air-ratio runs & change in the ratio of 0.0l or 0.02 produced a
smaller veriation then that observed among individual records at &
congtenl fuel-—eir ratio. It is nown far certein that the errors attendant
on the mixing of the fuel and eir were no grester than 1 percent. This
value represented, for the most pert, the error involved in reading the
hypodermic syringe which was carefully caslibrated before use. The errors
involved 1n determining elr pressure and temperature were trivial. -

No means was avallable for detecting any lack of homogensity in the
mixture but under the conditions at which the fuel and air were mixed,
that 1s,in & heated tank with thorough agitation by & fem, it is hard to
conceive of the mixture being otherwlse.

It was suspected that perhsps nitrogen was leaking from the cushion
chamber past the glend seal into the ccmbustion cylinder, thereby more ar
less diluting the charge from run to run. A test was made to check the
efficiency of this seal by subjecting the cushion chamber to the usual
operating pressure, about 110 pounds per square inch, and observing
whether any nitrogen leeked into the cylinder. This was dome by attaching
e short length of pipe to & special combustion cylinder head (similar to
the regular head but having a threaded hole in the center) and immersing
the free end of the pipe in & beaker of waber.. No bubbles were observed
showing that the seal and leak-off groove worked satisfactorily.

Veriations in the compression time would be expected to produce
carresponding verietions in the delay. Velues of compression time for the
verious tests are given in tables 1 to 8. In the case of the fuel-air-ratic
runs on isooctene (table 1), for instance, the campression tims varied
between 0.0054 and 0.0077 second. These exitreme velues represented cases
in which the driving and cushlion pressures were Improperly adjusted. In
record 62 (fig. 1) the piston seated so abruptly that & mechenical bounce
ensued and in recard 87 (fig. 3) the slow seating due to excess of cushim
pressure 1ls obvious., The compression time was measured from the instant
the piston started to move to the instent it seated. The instant of
starting wes identified on the records by laying a streight edge along the
first white line ané noting the point at which the line sterted to slope
downwerd, and the instant of seating was easily identified by the lifile
V-notch created by the impact. The compression time could be measured by
thls method to within %2 percent.

In figure 34 values of delay for isooctane are plotted sgainst com—
pression time at & fuel-elr ratio of 0.067 and a compression ratio of 11.7T.
Although there appears to be & genersl trend indicating increasing delay
with increasing compression time, the variation in the delay at constant
compression time is greater in most cases than the total change represerted
by the trernd. Some of the points shown bere were taken from records 57 to
6L of figure 1, and the rest were teken from records of unpublished
preliminexry tests.
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Fcr careful work, records having very long compression times should
be rejected, but inasmuch as the variation in ignition delay was much
greater than the variestion in compression time it was decided to print
all records and average results, except, of course,for cases in which
there wes an actual upward surge of the piston before seating.

The actual experimental points flor the fuel-air-ratio runs are
shown in figures 35 to 38. The scatter of the points is least in the case
of imooctane and excessive in the case of 100-octane gesolines, triptane,
and benzene. The position of the curve for triptane was determined as
described in the section DISCUSSION OF RESULTS. Occasionelly the mixture
failed to explode under conditions which were apparently identical with
those for which explosions seemed to be the usual occurrence. Benzene
also behaved poorly in this reaspect.

The actuel experimental points for the compression ratioc runs are
shown in figures 39 to 42. The scatter of the points is, on the whole,
less than in the fuel-eir-ratio runs with the exception of triptane.
Since these teats were made at the chemically correct fuel-alr ratio, this
comparison would seem to indicate that this value is more conducive to
consistont results,

It is known that in certain types of gaseous explosions, humidity
plays an important part. Runs were accordingly mede to study the effect
of humidity on the ignition delay. The dew point of the air was varied
from -63° to 60° F. 1Isooctans was used in these tests. The fuel-air
ratio was maintained at the chemically correct value and the compresslion
ratio at 11.7. All other operating conditions were standard. The records
are shown in figures 43 and 44 snd the numerical data are given in table g,
No decided trend in the magnitude of the delay 1s observable in thease
records; although when the average values are plotted they vaguely indicate
a tendericy toward increesing delay with increasing humidity. (See fig. 45.)
The gignificant fact 1s that varlations among recards of a given group are
as great as the variations noted for extreme values at either end of the
hunidity range. As a matter of fact, the consistency of the ignition
delay fcr this serles of runs 1s as good, 1f not better, than that far
individual groups in the preceding runs in which the varlation in dew point
was held within $4° F,

On the assumption, however, that humidity might heve more effect at
one fuel-air ratio than another, & very humid and rich mixture (dew point,
68° F; fuel-eir ratio,0.16) was tried. All other test conditions wers as
in the preceding paragreph. The records, displayed in figure 46, are as
consistent as the group shown in figure 3, which are for the same fuel
and fuel-air ratio but low humidity. It is thus apparent—that small
variations in the humidity do not materially affect the duration of the
ignition delay.

Teats were then conducted to determine the effect of dust particles
on ignition delay. It was possible that scme dust entered the combustiom

chamber with the air, even after the air was filtered. Also, microscoplc
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perticles of lint may have been left in the cylinder as a result of

using a cloth to remove the loose products of combustion. Three different
kinds of dust particles were used: cotton lint, iron filings,and lead
filings. The fuel used was isooctane, the fuel-air ratio was 0.067 and
the compressicn ratio was 1ll.7. The records are shown in figure 47 in
which figure 1t may be noted that, with the exception of record 357, the
delays are approximately equal. These records can bs compared with the
group shown in figure 1 for fuel-alr ratios.of 0.067, where all conditioms
are the same except that in the latter group great pains were taken to
keep the cylinder free from dust. When it is consildered that in the
"dust runs” liberal quantities of the particles were sprinkled on the
cylinder head, it must be concluded that dust was not predominant among
the causes leading to inconsistent results. Numericel data on these runs
are given in teble 10,

It is interesting to note in this connection thet Fenning and Cotton
(reference 7) concluded thet dust particles were one of the principal
causes of Inconsistent results in their. experiments on the ignition of.
gases by sudden compression.

Runs were made to determine the effect of washing the cylinder sur—
face with verious liquids before firing. The records are shown in
figure 48. In the first instance, the surface was sprayed with carbon
tetrachloride, then allowed to dry and a run was mede on isooctane in
the usual manmer, A second check run was mede Iin the same way. The
delays are sbout the same length as the delays shown in regords 63 and
64 (fig. 1) for isooctane under similar conditions without the carbon
tetrachloride spray.

The cylinder surfaces were then sprayed with isooctane and two more
runs were made in the same manner. The resulting delay periods have
about the same average values as those of the group at a fuel-air ratio
of 0.067 shown in figure 1.

Finally the cylinder surfaces were sprayed with lubricating oil and
two more tests were made using & fresh oil spray each time. The
inconsistency of the resulte is apparent — both as regards ignition delay
and shape of the explosion curve. (Record 407 was badly distorted by
electrical disturbances ceusing a zero shift at the end of the stroke,
but from this.point on the recard is reliable.)

CONCLUSIONS

l. Pressure--time records obtained with the M.I.T. rapid compression
machine for isooctane, 100-octane gasoline, triptene, and benzene for the
fixed conditions;
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initial pressure atmospheric -
initial temperature 146° ¥
dew point of air 4% 7

and for a compression time of about 0.06 second, show that:

(&) A1l thege fuels have a minimum value of delay in the neighbor—
hood of the chemically coarrect fuel-eir ratio.

(b} The curves of ignition delay 2gainst compression ratio for the
four fusls show the game trend of increasing d.ela.y with deoreasing com—
pression ratio, _

(¢) Triptane shows the longest ignition delay of the fusls tested
under nearly all conditioms,

(4) The ignition delays of benzene, isooctene,and 100-cctane gasoline
are approxirmately the seme. '

(e) Benzene has the most uniform rate of pressure rise during com—
bustion.l

2. Within the limits of the experimental precision, the dwuration of
the ignltion delay for isooctane is nolt appreciably affected by iron
filings, leed filings, cotton lint,eand humidity, but it is conslderably
affected by lubricating oil on the cylinder walls,

3. The following relaticns seem highly probable, provided the theory
is accepted that detonation in engines is caused by compression-ignition
of the ond gas:

(2) The detonating, or knocking, tendencies of a fuel depend not
only on the length of the campression—ignition delay, but also ocn the
rate of combustion after self-ignition.

(b) The excellent anti-detonating rroperties of benzene in engines
appear Lo be due to the slowness of the pressure rise during combustion
of the end gas, rather than to an exceptionally long delay period. This
characteristic of benzene also furnishes an explanation for the frequent
occurrence of preignition rather than detonation as the manifold pressure
ie raised in a supercharged engine,

lThe word combustion is here used to indicate any process taking placse
in the mixture which causes a rise in pressure above that existing in
the combustion chamber at the end of compression.
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(c) The resistence of triptane to detonation in engines appears to
be due to long ignition delay, as well as to & relatively slow pressure
rise during combustion of the end gas.

Sloan Laboratories for Aircraft and Automotive Engines
Massachusetts Institute of Technology
Cambridge, Mass., December 29, 194k

REFERENCES

1. Leary, W. A., Taylor, E, S., Taylor, C. F., and Jovellanos, J. U.:
A Repid Compression Machine Suiteble for Studying Short Ignition
Delays. NACA TN No. 1332, 1948.

.2, Taylor, E. S., Leary, W. A., and Diver, J. R.: Effect of Fuel-dAir
Ratio, Inlet Tempersature, and Exhaust Pressure on Detonation.
NACA Rep. No. 699, 1939.

3. Miller, Cearcy D.: A Study by High—Speed Photography of Combusiion
and Knock in a Spaerk-Ignition Engine. NACA Rep. No. 727, 19kl.

4, Lewis, Bernard, and von Flbe, Guenther: Combustion, Flames and
Explosions of Gases. The Univ, Press (Cambridge), 1938, pp. 315-319.

5. Tizexd, H. T., and Pye, D. R.: Experiments on the Ignition of Gases
by Sudden Compression. Phil. Mag., vol. 44, series 6, no. 259,

July 1922, pp. 79, 121.

6. Pignot, A.: f:’cude des phénoaménes de combustion des me’langer gazeux
par enregistrement des pressions., Chimis et Industrie, Numero
Speclal, Hultlieme Congress de Chimie Industriel, Feb., 1929, p. 231.

7. Femning, R. W., and Cotton, F. T.: Experiments on the Ignition of
Gases by Sudden Compression. R. &'M. No. 1324, British A.R.C., 1529,



20 | NACA TN No. 1470

TABLE 1

DATA ON EXPLOSION RECORDS FOR ISOOCTANE AT VARIOUS FUEL-AIR RATTOS

[F1lm speed, 200 in./sec; compression ratio, 11.7; initial pressure, 1%.7 1b/sq in. abs.;
f£ined pressure, 379 1‘b/sq_ in, abs.; initial temperaturs, 609° ¥ abs,; Tinal temper—
ature, 1340° F abs,]

Ignition delsy
Average Compres—
Fuel-air Run Length Time value sion time Remarks
ratio (in.)} (sec) (sec) (=00)
TL | ====e= | meecee [ ceaeen 0.0058 No explosion
0.03) T2 | ==emes | sewsmen | ceaena 0055 No explosion
69 2.46 0.0123 0058
Ob 70 1.84 0092 0.0108 0059
67 1.84 .0092 0092 .0063
-050 &8 1.82 <0091 ° .00%38
65 1.88 009k " 0066
-060 66 1.35 .0068 ~0081 -0068
57 1.09 . 0055 .0056
go 1.12 .0056 .0054
. 1 1.10 . 0055 -0055
-067 62 1.01 .0051 -0059 .005k
63 l.42 .0071 . 0061
64 1.35 .0080 .0059
73 1.47 .00Th . 0059
076 74 1.78 ~0089 .0082 10057
5 1.98 .0099 .0058
.095 76 2.4 0122 .0101 .0059
7 1.64 . . 0064
78 1.95 .0098 - . 0064
-100 19 1.92 .0096 - 0097 .0062
8o 2.28 L0114 .0063
-110 81 2.18 .0109 -0112 .0066
82 2.88 .01k . 0062
-120 83 2.98 .0149 -0LkT -0061
. 84 3.8% L0192 .0061
JA30 85 3.72 .0186 .018B3 .00T5
86 3.h 0i7T1 .0061
gg gzg .gggg _ L0077
-140 89 5.25 .0263 -0278 -007h
90 4,63 .0232 . 0069
91 8.08 .Oh0h 0069 =
o2 7.50 L0375 .0076
«150 93 T.10 0355 .0353. _ 0072
o4 5.90 .0295 0076
95 6.70 .0335 .0072
96 6.2 .0313 .0063
.260 ST 10.42 0521 Ok78 .0063
98 12,02 .0601L .0068 Soot deposited
170 99 10.80 0540 0540 0066
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TABLE 2
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DATA OF EXFLOSION RECORDS FOR ISOOCTANE AT VARTOUS COMFRESSION RATIOS

[Film speed, 200 in./sec; fusl-air ratio, 0.067 (chemically coarrect); initial pressure,

14.7 ib/aq in. abs.; initial temperaturs, 6099 F abs.]
Ignition delay
Compre—

Conpres— ‘sion Averege Conpres—
sicn Run pressure h Time value sion time Remarks
ratio (1b/sgq in.): {1n.) (sec) {sec) {sec)

125 -~-- ————— 0.0058 No explosion
126 8.35 o.ol%a 20061 .
127 .3 .0367 .0086
8.0 128 231 s L0324 0.0342 .0060
129 6.02 .0301 : Piston recard lost
130 5.98 .0299 .0068
8 19 26 k.62 .Oigl ~0065.
.9 120 5 . L0187 .0220 .0070
121 H'é 0241 .0065
122 6.3% L0317 .0070
123 5.60 .0280 .0109
12k 6.15 .0308 .0060
15k . 7.23 .0362 0061
8.5 155 245 5.50 0275 .0309 .0059
156 5.20 .0260 .0060
157 8.08 . .0086
158 0059 No explosion
159 - 5.36 .0268 0057
116 2.15 .0108 0061
11_]13 2.33 .0111:8 0062
2.8k 2 .0068
9.k T 285 250 ‘1o L0130 A
151 2,60 .0130 .0063
152 2.96 .0148 .0060
111 2.06 .0103 .0060
112 2.37 .0119 0062
10.0 113 309 .. 2.h2 .0121 .0119 .007
11k 2.46 .0123 .0073
1ns 2.60 .0130 .
106 - 2.99 .0150 . 0065
107 3.% .0192 .0068
108 2, .Q109 L0071
10.7 110 331 3.06 .0153 .0123 .0059
b7 1.%9 .0075 .0065
148 1.95 . 0062
19 1.53 0077 0069
101 1.12 .0058 00T
102 1.7 .0088 .0068
1.5 103 370 1.73 .0087T -0078 ~007h
104 1.58 .0077 .0066
131 1.12 .0056 .0060
132 1.08 .005% 0064
124 133 o8 .86 .00k3 .0061 .0063
134 1.82 L0091 0056
135 1.22 <0061 .0061
136 .86 .00%3 .0076
13.5 137 k57 .50 .0045 .00kT .
138 1.05 .0053 .
139 .50 .0045 10063
10 1.02 .0051 L0067
13.9 k1 1y T .0038 . 004k .0073
1h2 .81 0041 0063
. 13 . .0043 . 0060
1% .80 0040 .0062
14,9 s 518 «93 0047 .0040 .0060
146 . .0033 . 0064
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TABLE 3

DATA ON EXPLOSION RECORDS FOR 1Q0-OCTANE GASOLINE AT VARIOUS FURL~ATR RATIOS

E‘ilm speed, 200 in./ssc; oompression ratio, 11.7; initial pressure, 14.7 lb/ag in. abs.;
final pressure, 379 1b/asq in. abs.; {nitial temyero.tm-o, 609° 7 abs.; finsl temper—
ature, 134%0° F abs;}

Ignition delay
' Average Compn o s--
Fuel-air Run Length Time value sion time Rexarks
ratio - (in.}) {aeo) (mec) (se0)
iTh 8.10 0.0405 0,0058 Loston’
0.030 1 b B “o08 e
177 [, [ [P .0058 Do.
T 2.63 0132 . 0058
040 172 2.0k .Q102 0.0111 ] 0062
173 2.97 <0098 0063 i
166 .21 0061 0060
167 1,29 0065 . Pi-t;n r:ccrd too
030 : -0058 a1n
168 0.70 . .00
1% e o081 “0058
170 1.36 . 0039
16k 1.4 . <0057 006k
-060 16 1an <0057 +0057 20059 .
16 . 1.60 .0080 0039
066 162 1.0% 0052 0063 .0087
163 1.3% 0057 0058
178 1.29 0064 0062
i;g 1.T9 0090 0061
2.36 0118 20059
18 3.03 -0151 0036
078 182 5.k0 0270 0122 0058
1133 %.21 L0261 |° .006L
.01 .0300 0059
185 e.za #01! .0060
223 1.03 .0083 0061 .
186 3.5 0164 .0058
1123 3.06 .0153 .0060
093 1.@ oogs L0131 006
189 £.65 .0133 0013
190 2.30 013 0061, -
oo B OB B e | B
: 193 2.52 . ‘ .
19% 2.20 0110 006
193 2, 0133 0053
+110 196 e.gé % -G113 .moo&
197 1. . .
0061,
2B | o8 -
200 15 -0229 030k .05
120 20L 10.30 &50: +03 %gg
202 9.9 o ugg .
203 .73 . 0051
204 3. «P196 006k
«130 206 3.33 gg 0179 -008
207 3. . .
208 3.24 0162 ooé
209 5.10 0255 10063
210 3.2& 0192 0066
240 a2 5.8 roste -odho loogs -
5.56 0278 0067
ol 6.7 .0337 <0064 W
21.2 11.12 .osgg .0062
21 T, .03 .
+250 a7 20 050 -OhT e *
9.15 . 0457 .0060_
219 | cmmem= | meemas 0059 /No explosion
220 8.60 0430 0063
-160 221 |  meeems [ mmeees . -038% 0062 Yo sxploaiom
222 6.7 0337 -0066
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TABLE &
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DATA ON EXPLOSION RECORDS FOR 100-OCTANE GASOLINE
AT VARIOUS COMPRESSION RATIOS

[Film speed, 200 in./sec; fuel-air ratio, 0.067 (chemically correct);
initial pressure, 1%.7 1b/sq in. abs.; initial temperature,
609° F absy]

Ignition delay
Compres—
Campreg-— sion - |Average| Comprea—
sion Run | pressure Length | Time value |sion time Remarks
ratio (1b/sq in.) | (in.)| (sec)| (=ec) (sec)
P2 O et it 0.0073 No explosion |
8.0 ohs X 2 N R .0060 No exploeion
2to 9.62 o.bhgg .oggg
o |2k 245 11.1 .05 .0
8.5 |ouo| 7 | oo oolllo 0.0502 .0060 No explosion
243 8.90 | .olké .0066
237 6.28 | 031k .0068
8.9 |238 265 5.50 | .0275]| .0319 . 0064
239 7.3% | .0367 .006k
234 4,27 | 0214 . 006k
9.4 |235 285 L.64 | .0232( .0208 .0064
236 3.53 | 0177 .0067
231 2.18 | 0109 .0072
10.0 | 232 309 2,58 | .0129| .0125 . 006k
233 2.7 | 0137 . 0066
228 1.80 | .0090 .0078
10.7 | 229 331 1.58 | .0079| .0880 0072
230 1.88 | .oo%k .0063
234 1.k | ,00T2 .0067
225 -1.,60 | .0080 .0067
.5 |226 370 1.56 | .0o78| 0072 L0087
227 1.06 | .0053 .0073
246 1.22 | 0061 .0059
12.4 | 247 Lo8 1.21 | .0061| .0055 .0059
248 .88 | .00k .0058
249 1.16 | .0058 .0059
13.5 |250 457 1,30 | .0065| .0051 .0058
251 .97 | 0049 . 0068
~ |52 .gg Moo}t .0062
253 1. .0053 .0059
.9 1ok | 518 1.50 | .o070| +0038 | | N
255 1.27 | . .0061 ~NACA -~
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DATA ON EXPLOSION RECCRDS FOR TRIPTANE
AT VARIOUS FUEL-AIR RATIOS

@ﬂlm speed, 200 in./sec; compression ratio, 1ll.7; initial presaure,
1%.7 1b/sq in. abs.; final pressure, 379 1b/sq in. abs.; initial
temperature, 609° F abs.; final temperature, 1340° F abs]

Ignition delay

Average Compres—
Fuel—eir | Run |[Length Time value sion time Remarks
ratio (in.) (sec) (sec) (sec)
0.030 26l [ammee | emmm-- 0.0060 No explosion
265 s | TmEEs . 0061\‘ Do .
221 2.80 0.0123 0057
262 | 7.20 .03 ' .0058
O0B0 263 | 3.36 .0168 | 0.0270 .0060
Loo | 8.0k .Oh02 . 0061
259 | 4.93 .0246 . 0062
»050 260 | 4.48 .022}4 .0235 0059
256 | 3.73 0186 .0059
.066 257 | ---- ---- &, 0208 .0062 No explosion
258 | 4.59 .0229 . 0064
266 | 3.30 ' 0165 . 0064
078|267 | 3.58 0179 -0172 . 0061
268 | 3.27 . 0154 .0061
269 | 5.62 .0281 . 0062
090 270 |11.16 .0580 .0303 . 0060
1277 | 3.92 .0196 . 0059
|27 | 6.92 .0346 . 006k
«10C 212 | 4.60 .0230 L0275 . 006k
ol | 5.96 0248 _ . 0059
273 | 7.36 .0368 . 0062
<110 27h | 3.62 .0181 0276 . 0059
275 | 5.56 0278 .0059
276 | 8.68 O3 ) | e No piston record
«220 o3 | k.07 .0203 -0315 . 0060

8The value of delay indicated by A in fig. 22 for this fuel-air ratio
was obtained by averaging and cross-plotting six values of delay
from the compression-ratio runs on triptane at c.r. = 11.5 and 11.7.

~.NACA -~
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NACA TN No. 1470

TABLE 6

DATA ON EXFLOSION EECORDS FOR TRIPTANE
AT VARIOUS COMPRESSION RATIOS

[F1lm spsed, 200 in./sec; fuel-eir ratio, 0,066 (chemically correct);
initial pressure, 14.7 1b/sq in. ebs.; initial temperature,

609° F absy
Ignition delay
Compresg-
Compres— sion Average | Compres—
sion |Run | pressure Length| Time | value |sion time Remarks
ratio (1b/sq in.) {(in.)| (sec)| (sec) (sec)
384 . 14.4510.0723 0.0063
8.0 |385 231 11.66| .0583| 0.0656| .0059
386 13.25| .0662 .0059
381 7.62| .0381 .0059
8.4 [382 245 9.12| .o56| .0590| L0061
383 18.64| ,0933 .0060
3y ] e---- ————— . 0060 No explosion
8.9 379 265 6.221 .,0311| .0275| .0062
380 4,76 .0238 .0061
3795 000000 | mememmmmee- .0060 No explosion
9.4 376 285 4,62 ,0231| .0246| .0060
377 5.20| .02 .0059
373 3.53| 0172 .0058
10.0 |37k | 309 3.52| .0176| <O1TH| 0058
370 1.83| .0092 . 0060
10.7 |371 331 3.70| .0185| .0115! .0062 -
372 1.38] .0069 .0063
368 1.86] .0093 .0070
11.5 | 369 370 1.25| .0063| .0088| .0065
399 2.15| .0108 .0063
396 5.96| .0298 . .0068
11.7 {397 379 1.63] 0082 %.0173! .0064
398 2.75| .0138 ' .0065
87| 1. .0078 ©.006
2. || oo 2.38| [oaon| -0086| 0oed
389 1.52| .0076 | L0061
13.5 1390 L57 1.64%| .0082( -0079| 0063
392 2.73 .gégé .8329
393 1.23) . 2 . 2
4.9 |39k 518 4.32] .0216| .0L17| 0067
395 1.09} .0055 .0061

&The average value of the delay plotted in fig. 25 for this group is
0.0187 second which includes two values cross—plotted from the
fuel-air-ratio ruis on tripteane.
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NACA TN No. 1470
TABLE 7

DATA ON EXPLOSION RECORDS FOR BENZENE
AT VARIOUS FUEL--AIR RATIOS

Eﬂlm.apaed, 200 in./sec; compression ratio, 11.7;'initia1 pressure,
1k,7 1b/8q in. abs.; final pressure, 379 1b/sq in. abs.; initial
temperature, 609 ¥ abse.; final temperature, 13400 F abs]]

Ignition delay
Average Compres-
Fuel—~alr | Run | Length Time value sion tims Remarks
ratio (in.) (sec) (=ac) (sec)
289 | c=mem | eeee- 0.0061 No explosicn
0.030 290 | ——-e- | ammme- L0067 Do.
286 3.6k 0.0182 .0059
040 287 4,09 . 0204 0.0193 .0071
288 3.84 .0192 . 0064
222 4,63 .0232 .8829
283 2.59 .0130 .0061
-050 28k | 2.10 .0105 -O1hk . 006k
285 2.15 .0108 . 0061
280 2.16 .0108 " .0068
-060 281 | 2.16 .0108 .0108 .0062
278 1.72 .0086 . 0062
.076 279 | 1.66 .0083 . 0085 .0065
291 1,52 .0076 . 0064
. 090 292 1.88 . 0094 . 0079 .0059
293 1.31 . 0066 .0063
2gh 3.26 .0163 . 0059
296 | ~e--- | —maeoo . 0060 No explosion
.100 297 2.87 .01k .0185 .0061 .
306 3.87 .019% .0058
307 k.00 »0200 .0061
298 3.6k .0182 . 0059
299 k.39 .0219 . 0061
300 2.66 .0133 .0063
.110 309 ——_— T .0232 .00Th NS explosion
310 7.89 .0394 . 0076 -
311 | 13.0 065 . 0069
301 7.70 .0385 . 0064
302 2.78 .0139 . 0062
.120 303 | 3.9 .0196 -0224 .0058
308 3.50 0175 .0063
30k | - ] ameeea : .0057 No explosion
+130 305 | -mm-e ] —eeee- . 0056 Do.

T NACA
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NACA TN No, 1470

TABLE 8

DATA ON EXPLOSION RECORDS FOR BENZENE
AT VARIOUS COMPRESSION RATIOS

27

[F1lm spesd, 200 in./sec; fuel-air ratio, 0.076 (chemicelly correct);
initial pressure, 14.7 1b/sq in. abs.; initial temperature,
609° F absy] .

Ignition delay
Compres—
Comnpre s- sion Average| Compres—
eion |Run| pressure | Length| Time | value |sion time| Remaxrks
ratio (1v/8q in.) (in.)| (mec)| (sec) (sec)
322 N L e 0.0066 | No explosion
9.4 323 285 T . 0060 Do.
324 N R . 0063 Do.
317 il LT .0058 |No explos-ion
318 3.52 |0.0176 .0058
10.0 319 309 U P 0.02L0| .0059 |No explosion
320 6.08 | .030% . 0063
321 S D EE PR .0068 |No explosion
31k 3.17 | .0158 .0072
10.7 315 331 1.26 | ,0063! .o117| .0069
216 2.60 | .0130 .0065
312 2.00 | .0100 .0070
1.5 |313 370 2,46 | .0123| -0112| o066
325 2.18 | .0109 . 006k
12.4 326 408 1.58 | .0079| .0089| .0060
332 1.59 | .0079 . 0061
327 .90 | .ooks .00T71
13.5 |328 457 1.24 | .o0062| -005%| 0063
329 1.5 | .0072 .0059
k.9  |330 518 .76 | .0038| .0056| .0068 SRACA -
331 1.16 | .0058 .0061 A
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NACA TN No.

TABLE 9

DATA ON EXPLOSION RECORDS FOR ISOOCTANE-AIR
MIXTURES WITH ATR AT VARIOUS DEW POINTS

[F1lm speed, 200 in./sec; fuel-air ratio, 0.067 (chemically
correct); compression ratio, 11.7; initial pressure,
‘14,7 1b/sq in. abs.; final pressure, 379 1b/sq in. abs.;
initial temperature, 609° F abs.; final temperature,
1340° F abs,]

1470

Ignition delay
Average Compresg-—
Dew point Run Length Time value sion time
(°r) (in.) (sec) (sec) (sec)
333 1.95 0.0098 0.0058
33k 2.69 L0135 : .0058
60 335 1.38 . 0069 0.0096 . 0060
. 336 1.78 .0089 .0061
337 1.82 .0091 .0062
- | 34 2.06 .0103 . 0060
25 345 1.8k 0092 -0098 .0061
320 1.2;- .gggz .0060
. 31 1. .0089 .0075
-11 32 1.73 .0087 -0085 .0076
343 1.42 0071 -0079
338 1.80 0090 . 0060
-38 339 2.32 - .0116 .0103 .0060
350 1.37 .0065 :0063
. 351 1.46 .0073 .0069 . 0064
. 352 1.27 .0064 .0067
3z6 1.22 .0076 ,0073
. 347 1.82 .0091 . 00T
-63 348 1.57 - 00Tk - 008k . 0070
349 1.82 . 0091 .0057
322 B.gg .Ohko . 0069
- 03 Te 0379 -0059
68 355 | 7.h5 .0372 .0380- -0060
' 356 7.00 .0350 .0072
NACA

2Run made at fuel-air ratlio of 0.160.



NACA TN No. 1470

TABLE 10

29

DATA ON EXPLOSION RECORDS OBTAINED TO DETERMINE EFFECT OF
DUST AND CONTAMINANTS ON IGNITION DELAY OF ISCOCTANE

[iilm speed, 200 in./sec; compression ratio, 11l.7; fuel-air ratio,
0.067 (chemically correct); initial pressure, 14.7 1b/sq in.
abs,.; final pressure, 379 1b/sq in, abs.; initial temperature,
6090 ¥ ebs.; final temperature, 1340° F abs.
(atmospheric) used in these tests with a dew point of 670F]

Wet air

Ignition delay

Kind of dust Average| Compresg—
or Run|Length | Time velue { sion time| Remarks
method of contaminatioch (in.) | (sec)| (sec) (sec)
2.16 |0.01 ' .

Cotton dust ggg 1.45 o_go$§ 0.0091 O.Sggé.
359) 1.26 | .0063 .0064

Lead filings 360| 1.08 | .oosk| -0059 .0063
. 61 1.18 .005 .0062

Iron filings .262 1.18 .0053 .0059 .0067
63 1.22 | .0061 .006

Iscoctane spray 353 1.3% 0067 - 006k . 0073
Cerbon tetrachloride 365| 1.55 | .00TE .0058
spray 366| 1.56 | .007E] -0078| 0058

Lubricating oll coating itgg l{fé :gg;g .0130 :googg Heag, 800t

SNACA
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NACA TN No. 1470
No explosion

No explosion: B

YT Fuel-air ratio,0.0687
Figure 1.- Explosion records obtained with M.I.T. rapid compression

machine for isooctane at various fuel-air ratios.

31



o




NACA TN No. 1470

0.008 8¥C Fuel-air ratio, 0.13

Figure 2.- Explosion records obtained with M.I.T. rapid compression
machine for isooctane at various fuel-air ratiocs.

SNACA
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NACA TN No. 1470 ' 35

Delay, 0.0404 sec

L “\\\\“-n—-——

_' / e e
T T

--—*-\1\\_\-—_—_—__—_—_———__—
i ASARLICIRN

% ’_/“ -n———____
. —_—— —re .
TN \ — . .

Delay, 0.0521 sec

Delay, 0.0601 sec

Delay, 0.0540 sec

0,005 SEC . Fl.lel‘alr ratio O 17

Figure 3.- Explosion records obtained with M.L.T. rapid compression
machine for isooctane at various fuel-dir ratios. — _
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NACA TN No. 1470

.06

.08 /

.0l S~ -
o
° 02 04 06 08 1o 12 14 [ 18 20
Fuel-air ratio o
Figure 4.- Effect of fuel-air ratio on ignition delay of isooctane.

Plotted points represent average values.







NACA TN No. 1470

X Compression ratio, 13.5

Figure 5.- Explosion records obtained with M.I.T. rapid compression
machine for isooctane at various compression ratios.
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NACA TN No, 1470 41

0.008 BEG

Figure 6.~ Explosion records obtained with the M.L.T. rapid compression
machine for isooctane at various compression ratios.
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NACA TN No, 1470 43

STt
w

——

WY,

———

bwmne ~ Compression ratio, 9.4

Figure 7.- Explosion records obtained with M.I.T. rapid compression
machine for isooctane at various compression ratios.
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NACA TN No, 1470

Delay, 0.0404 sec

No explosion

No explosion

Delay, 0.0418 sec

No piston record

e Compression ratio, 8.0
Figure 8.- Explosion records obtained with the M.I.T. rapid compression
machine for isooctane at various compression ratios.

45






NACA TN No. 1470

47

08|

08

Delay, sec

T~

\Q\—“_Q L
-+ | %

Figure Q.-

9 10 u 1R 3 [
Compression ratio

Effect of compression ratio on ignition delay of isooctane.

points represent average values.

Plotted






NACA TN No., 1470 49

No explosion

No explosion §

v Fuel-air ratio, 0.050
Figure 10.- Explosion records obtained with M.I.T. rapid compress1on

machine for 100~octane gasoline at various fuel-air ratios.






NACA TN No. 1470

YT Fuel-air ratio, 0.078

Figure 11.- Explosion records obtained with M.I.T. rapid compression
machine for 100-octane gasoline at various fuel-air ratios.
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NACA TN No. 1470 53

0.008 SRG Fuel=-air ratio, 0.11
Figure 12.- Explosion records obtained with M.LT. rapid compression
machine for 100-octane gasoline at various fuel-air ratlos.






NACA TN No. 1470 55

Delay, 0.0450 sec W -_

Delay, 0.0505 sec

Delay, 0.0496 sec

Fuel=-air ratio, 0.13

Figure 13.- Explosion records obtained with the M.I.T. rapid compression
machine for 100-octane gasoline at various fuel-air ratios.

0.005 BEC
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NACA TN No. 1470 57

Delay, 0.0556 sec

Delay, 0.0500 sec

Delay, 0.0457 sec - .

No explosion

Delay, 0.0430 sec

No explosion

et Fuel-air ratio, 0,18
Figure 14.- Explosion records obtained with M.I.T. rapid compression
machine for 100-octane gasoline at various fuel-air ratios.
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NACA TN No. 1470
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Figure 15.-

2

04
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gasoline. Plotted points represent average values.
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Effect of fuel-air ratio on ignition delay of 100-octane
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NACA TN No. 1470 61

-~
./‘

LAY e er——

. VAN
L L RTTOIIINE Qe

Compression ratio, 12.4

0,008 SEC

Figure 16.- Explosion records obtained with M.I.T. rapid compression
machine for 100-octane gasoline at various compression ratios.






NACA TN No, 1470 : - 63

TP Compression ratio, 10.0

Figure 17.- Explosion records obtained with M.I.T. rapid compression
machine for 100-octane gasoline at various compression ratios.
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NACA TN No. 1470 85

Delay, 0.0483 sec @
Delay, 0.0558 sec

No explosion

Delay, 0.0446 sec

No explosiorn ¥

L\

¥ SWW

No explosion M

' rraren Compression ratio, 8.0 .
Figure 18.- Explosion records obtained with M.I.T. rapigl comp.ressmn
machine for 100-octane gasoline at various compression ratios.
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NACA TN No. 1470

.081

.08

@///ﬂ”’

A

01

O

\L

—Q

7

10

Compression ratio

4

87

Figure 19.- Effect of compression ratio on ignition delay of 100-octane

gasoline.

Plotted points represent average values.






NACA TN No. 1470 89

No explosion

No explosion K )

No explosion

0008 8£C Fuel_aj—r ratio, 0-078
Figure 20.- Explosion records obtained with M.I.T. rapid compression

machine for triptane at various fuel-air ratios. i
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NACA TN No, 1470 _ 71

Delay, 0.0558 sec

No piston record

Fuel-air ratio, 0.12
Figure 21.- Explosion records obtained with the M.I.T. rapid compressmn

0.003 SEC

machine for triptane at various fuel-air ratios.
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NACA TN No. 1470

06

l

—

l

I
a Averdage of points from
compression-ratio runs

.08

D

m“ A /ﬁ“
c%, 03 \ :/(

G \ o

- 02 4

04

10

12

14

73

Fuel-air ratio
Figure 22.- Effect of fuel-air ratio on ignition delay of trlptane
Plotted points represent average values.
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NACA TN No. 1470 75

aane— . -
—_/"P-—/ i

. "."Q‘-‘.\\\\m_;_ i

wwuwns~_

RTTRTTS Compression ratio, 11.5 : '
Figure 23.- Explosion records obtained with the M.I.T., rapid compression
machine for triptane at various compression ratios.
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NACA TN No. 1470

No explosion

No explosion R

Delay, 0.0456 sec .|

Delay, 0.0933 sec

Delay, 0.0583 sec

Delay, 0.0723 sec "M

Delay, 0.0662 sec --.‘_

b Compression ratio, 8.0

0 003 SES

Figure 24.- Explosion records obtained with M.L.T. rapid compression
machine for triptane at various compression ratios.
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NACA TN No. 1470 79

NN

.0l [

8 10 1 12 13 14 1] 18
Compression ratio

Figure 25.- Effect of compression ratio on ignition delay of triptane.
Plotted points represent average values.






NACA TN No. 1470 -- . : 81

No explosion §

No explosion [

Fuel-air ratio, 0.090
Figure 26.- Explosion records obtained with the M.LT. I‘a.pld compressmn

©.005 SEC

machine for benzene at various fuel-air ratios.
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NACA TN No. 1470

No explosion

No explosion

Delay, 0.065 sec

No explosion

No explosion

Fuel-air ratio, 0.13
Figure 27.- Explosion records obtained with M.I.T. rapid compression

—_
Q 003 SEC

machine for benzene at various fuel-air ratios.
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NACA TN No. 1470

20

85

.06
.05
.04
(]
(O]
[47]
E: 03
()]
QO ° /0
.02 CO/
.01 I _//
1 o]
SNACA .~
o5t L o8 0 1 8 .!'5
Fuel-air ratio
Figure 28.- Effect of fuel-air ratio on ignition delay of benzene.

Plotted points represent average values.






NACA TN No. 1470 87

—c NV AN,
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——h-/_—_

—i Compression ratio, 11.5

Figure 29.- Explosion records obtained with M.I.T. rapid compression
machine for benzene at various compression ratios.
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- NACA TN No. 1470 89

[

NN
No explosion

o SRR | e S —— et

L s cBL VAN
No explosion

. ma AR
e SR

No explosion . L
. —_.—:-;.1.\.\\\\\-\\

B ——

No explosion
No explosion

No explosion

R T A
- =i V3 b}

o008 s2c COmpreséion ratio, 9.4

Figure 30.- Explosion records obtained with M.I.T. rapid compress1on
machine for benzene at various compression ratios.
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NACA TN No. 1470 o1

Q6f l l l [
X Point from compression-
ratio runs
.08
.04
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45}
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Compression ratio
Figure 31.- The effect of compression ratio on ignition delay of benzene
Plotted points are average values.
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Delay, sec

NACA TN No. 1470

100-octans 'g.l’ol'n-//
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ripun./ ) Iscoctane

A

\
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§:’¢/ ACA

| |

02 04 .08 .08

10 2 e 18 18 20
Fuel-alr ratio

Figure 32.- Comparison of isooctane, 100-octane

gasoline, triptane, and benzene with respect to
variation in ignition delay with fuel-air ratio.
Test conditions: compression ratio, 11.7;
initial pressure, 14.7 pounds per square inch
absolute; initial temperature, 149° F;
compression time, approximately 0.008 second.
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\\\w‘“ \gw % /
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8 9 (4] 1] 12 13 14 18
Compression ratic

Figure 33.- Comparison of isooctane, 100-octane

gasoline, triptane, and benzene with respect to
variation in ignition delay with compression :
ratio. Test conditions: fuel-air ratio, chemically
correct; initial pressure, 14.7 pounds ger square
inch absolute; initial temperature, 149% F;
compression time, 0.006 second.



NACA TN No. 1470
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Delay, sec
o
&
5 O

o)
= pt o
.004
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~_NACA -~
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0080 .0052 0054 0056 .0058 .QOBO 0062
Compression time, sec

Figure 34.- Effect of compression time on ignition delay of

isooctane. . Fuel-air ratio, 0.087; compression ratio, 11.7.
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Figure 35.- Effect of fuel-air ratio on ignition delay of
isooctane. Plotted points represent actual experimental
values.
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Figure 36.- Effect of fuel-air ratio on ignition delay of 100-
octane gasoline. Plotted points represent actual experimental

values,
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Figure 37.- Effect of fuel-air ratio on ignition delay of triptane.
Plotted points represent actual experimental values.
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Figure 38.- Effect of fuel-air ratioc on ignition delay of benzene.
Plotted points represent actual experimental values.
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Figure 39.- Effect of compression ratio on ignition delay of.

isooctane. Plotted points represent actual experimental
values.
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Figure 40.- Effect of compression ratio on ignition delay of
100-octane gasoline. Plotted points represent actual
experimental values.
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Figure 41.- Effect of compression ratio on ignition delay of
triptane. Plotted points represent actual experimental
values,
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Compression ratio

Figure 42.- Effect of compression ratio on ignition de_lay of
benzene. Plotted points represent actual experimental
values.
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Dew point, -38° F
Figure 43.- Explosion records obtained with M.I.T. rapid compressmn
machme for isooctane-air mlxtures Dew point of air varied from

0.008 SEC

-63° F to ~38° F,
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heos s Dew point, 60° F _
Figure 44.- Explosion records obtained with M.I.T. rapid compression
machine for isooctane-air mixtures. Dew point of air varied from

-11° F to 80° F. ~
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p——
0.005 SEC

Figure 46.- Explosion records made with the M.L.T. rapid compression:
machine to determine the effect of saturated air on-reproducibility.
Fuel, isooctane; dew point of air, 88° F, fuel-air ratio, 0.16;

compression ratio, 11.7.
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COTTON DUST

LEAD FILINGS

1RON FILINGS
Figure 47.- Explosion records made with M.I.T. rapid compression
machine to determine the effect of dust particles on reproducibility.
Fuel, isooctane; fuel-air ratio, 0.087; compression ratio, 11.7.

P LUBRIGATING OIL SPRAYED ON CYLINDER WALLS
0,005 $IC

Figure 48.- Explosion records made with M.I.T. rapid compression
machine to determine the effect on reproducibility of spraying the
combustion cylinder walls with various fluids. Fuel, isooctane;
fuel-air ratio, 0.067; compression ratio, 11.7.



